The theory of shells has been applied to some aspects of the physics of fruit growth. Four form and structural attributes are identified which may intensify mechanical stress in the skin of a growing fruit and alter the distribution of that stress. One is a radius-related factor introduced by deviation of shape from that of a sphere and the other three are related to attachment of a fruit to a plant and to provision of a vascular system: core diameter, core tensile strength, and structure of the core/skin interface.
The fruit of many cultivars of plant species bearing soft, fleshy fruit are subject to skin-cracking disorders caused by high internal hydrostatic pressures generated during rainfall (1, 12, 16) . The order ofthe fracture patterns and their consistency within cultivars is a notable feature of fruit cracking. Usually, the fractures are either circumferential or longitudinal (e.g. 12, 15) or a combination of both (e.g. 2) .
The physical basis of susceptibility to this disorder is poorly understood, although in a preliminary paper (2) , we demonstrated some of the consequences of a range of spheroidal fruit shapes on physical stress and stress asymmetry which follow from the theory of shells (18) . Analysis of the fracture patterns formed in a shell of uniform thickness and physical properties provides an insight into physical weakness introduced by form or structure. Interpretation is difficult in real fruit because of the many contributing factors, including for example, thickness and physical properties of the cuticle, thickness of the cell walls, the number of layers of cells with thickened cell walls and their tensile properties (hence these components are considered together as being the bounding membrane or shell), the presence or absence of lenticels in the epidermis, fruit shape, fruit size, pedicel diameter, core combined. It also provides a basis for an experimental approach to the manipulation of organogenesis.
Here we apply this theory to a broad range of fruit shapes and include a consideration of internal fruit architecture and the consequences of attachment of a fruit to a plant. The purpose of this investigation was to determine the attributes of fruit which may be used to predict fracture patterns and resistance to cracking. Published information on the arrangement of fractures over the surface of fruit with a variety of forms is used to provide preliminary support for the models.
PRINCIPLES AND TERMINOLOGY
In biology, the theory of shells has been applied to single cells (e.g. 9). However, it may be applied to whole organs if their tissues are physically constrained by an outer membrane which is thinner than about one-tenth ofthe tissue radius. It has been demonstrated that mature fruit of the grape (Vitis vinifera) meet these conditions (1) and it is probably true that the assumptions are justified for most species of soft fleshy fruit such as the tomato (Lycopersicum esculentum) and sweet cherry (Prunus avium).
This study is confined to vessels or shells as models of fruit which are axisymmetric, formed by the rotation of an ellipse about an axis which may be its major axis (prolate spheroid), its minor axis (oblate spheroid), or an arbitrary axis which may be external (tore). For clarity, geographical terms are applied to describe the shells: the poles of a vessel are defined as points on the surface through which the axis of rotation passes and the equator is an imaginary line on the surface, midway between the poles. For a spherical vessel, the effects of internal pressure (P), radius (r) and membrane thickness (t) on the intensity of mechanical stress applied tangentially in the membrane are well known and are expressed as follows (9): P.r a = -(Pa)
Thus the intensity of stress increases directly with P and r and is inversely related to 2t. Equation 1.1 reveals three fundamental factors determining stress in shells, two of which, radius and wall thickness, could be subject to selection by plant breeders. The third, pressure, originates in potential form by the accumulation of soluble solids during maturation. In the grape, osmotic potentials in excess of 4 MPa have been measured in mature fruit (1) and therefore realized pressures can only be limited by fruit removal (e.g. 10) by restricting the water supply to the fruit or plant, by modifying membrane porosity, or by reducing the sugar content and thus producing sour grapes! To emphasize the less well known factors of form and structure which determine the level of stress, the equations which follow Shape is examined by varying the relative lengths of the axes. The model presupposes that the shell is thin in relation to the length of the semiaxes, and is uniform in thickness and physical properties. In such a vessel, the distribution of stress in the wall produced by an internal, uniform pressure, P, may be determined by resolving the forces acting on any element in the shell into the two principal stresses, the longitudinal stress, a,, and the meridional or hoop stress, ah (Fig. 1) . The radii of curvature (ri and rh) and the related stresses acting on any element of the surface of a spheroid may be determined as follows (18, p. Thus, the dimensionless stresses are always equal at the poles but are unequal at the equator, except in the special case of a sphere where a = b. In all other instances, the relative size of the principal stresses at the equator is a function of a/b only. The longitudinal stress decreases and the hoop stress increases as a/b decreases. Graphical presentation ofthese functions emphasizes their continuous nature and illustrates the dependence of the ratio of the principal stresses on vessel shape (Fig. 2 ).
To provide for strict comparison of shape, the stresses at the poles and at the equator are presented for spheroids ranging in shape from b/a = 0.2 to 2.0, but of equal volume (Fig. 3) . In this instance, the forces are no lon Ier dimensionless but assume the units of meters (N -m'/Nm-). The concentration of stresses at the pole of oblate spheroids is readily apparent and, for all b/a less than about 0.8, the oblate spheroid is clearly at a disadvantage to the prolate spheroid of any b/a.
Tore. The fruit of a number of species are indented at one or both ends and a vessel shape which approximates this form is toroidal. The form is shown and the geometric variables defined in Figure 4 . The principal stresses in such a vessel are determined by considering the force necessary to maintain equilibrium in two directions. For equilibrium in the direction of the axis of symmetry: -Axis of symmetry. The tensile force in the core (7) needed to balance the stresses in the shell is the sum of the vertical forces (Fig. 4C) . Thus, for a thin core: (2.20) T= 7rr2P-2rrrt a, cos G, Substitution for G, and re-arranging yields:
Hence, the tensile force which must be borne by the core of a fruit is proportional to the square of the radius a.
Effects of Core Diameter on Stress in the Shell. It is inconceivable that infinitely high stresses should occur near the core in practice (see item c, above). Inclusion of even a very thin core produces a striking reduction of stress concentration in the shell where it adjoins the core. The relationship between core diameter and stress concentration ( The value of c/a which limits the stress in the shell at the core to a specified proportion, e.g. four times, that at the equator (r = a + b) is readily determined by equating the two terms: Stresses Acting on the Core. The toroidal form arises from the presence of a core. The core introduces additional loading to that required to balance the stress in the shell. The load at the core has two components: an axial load which results in a tensile force in the core (7) , and a radial load (R) which must be carried by the core and leads to hoop stresses in the core.
First the tension in the core (Fig. 6A) . It is the product of the cross-sectional area at the perimeter of the core, and the axial component of the longitudinal stress in the shell. That is: substitution, we obtain T= TP(a2 -c2) (c. equation 2.21) (2.27) The limits of which are: as c -* o, T = P7ra , i.e. no matter how small the core, it still must support the tensile force; as a --o, T = -_TPC2, i.e. a spherical fruit with a finite core has compressive stress in that core; as c -* a, T = 0, i.e. if the skin joins the core radially, then there is no axial stress in the core.
Next, we consider the radial component R (Fig. 6B) . Determination of this force is similar to the tension except that it must be considered as a force per unit length because the sum of the radial forces distributed around the core is zero. R = talc sin G, (2. 29) This radial load must be carried by some suitable structure. In the case of a pressure vessel the structure would be made in the form of a ring around the vessel at c (Fig. 6B) . This force produces a tangential stress (at) at the interface with the core. For equilibrium, of one-half of the ring: The cross-sectional area A of the load-bearing part of the core is the critical component of this function and the stress approaches infinity as A approaches zero. This is in addition to the longitudinal and hoop stress in the shell at the ends of the core. Significantly, both depend on a,, but whereas T is zero if e, = 900 and may be either compressive or tensile depending on whether 6, is <90'C or >900 respectively, at is always tensile and is greatest at 0, = 90°. Hence, the anatomy of the fruit in the region of pedicel insertion, in so far as it determines A, c, and the strength of the core, will have a primary role in determining the level of both of the principle stresses in the skin and core of the fruit. DISCUSSION Stress, Fracture, and Fracture Patterns. The analyses of physical stress distribution show that within the range of forms of fruit which occur in nature and in agriculture, there exists a potential for the development of intense levels of mechanical stress. The common failure of the cuticular membrane under conditions which lead to development of high turgor pressure and the site and orientation of the fractures testify that intense stresses occur in practice (2, 12, 15, 16) . The fracture patterns predicted for entire, detached vessels are as follows: a perfect sphere will fracture at random. This is the ideal shape and deviation from it would be expected to produce fractures normal to the direction of the greater principle stress. Fracturing in a prolate spheroid should be longitudinal and commence at the equator, while an oblate spheroid should fracture circumferentially in the polar regions. The pattern of fractures should also be circumferential and polar in a tore. The common occurrence of such fracture patterns in the literature attests to the relevance of the models of fruit (2, 12, 15) .
No thorough study of cuticular fracture pattern in relation to fruit or organ form has been carried out, but descriptions of patterns of cuticular failure exist in the literature which provide substantial support for the general conclusions reached in this study. Six types of fracture may be distinguished: 1, longitudinal; 2, ring; 3, crazing; 4, star; 5, lenticilar and; 6, core failure. The nature and position of five of the six types of cuticular failure are predicted by the models of fruit form considered here. The fifth, lenticilar cracking will be the subject of a separate communication (J. A. Considine and K. C. Brown, unpublished).
Lengthwise fractures occur typically in long fruit as predicted by the model for a prolate spheroid. Examples of this form of fracture may be found in cultivars of the grape, V. vinifera which bear elongated fruit (e.g. Thompsons Seedless, syn. Sultana, 2, 6), and in other species of fruit such as Cucurbits and the banana (Musa spp.).
Ring fractures are one of the most common forms of fracture and usually occur at the pedicel end of the fruit. In plant species such as some of the Cucurbitaceae and the tomato (L. esculentum), this form of cuticular cracking is associated with the oblate fruit form (e.g. 12). In these instances it is difficult to distinguish between the longitudinal stresses induced by the oblate form and those caused by the presence of the pedicel and the associated vascular tissue which tie it into the flesh of the fruit. The presence of even a small indentation at the point of insertion of the pedicel indicates the presence of a relatively inextensible core tissue and the existence of additional longitudinal stresses associated with the toroidal form. This is probably the reason for the ring fractures described by Swift et al. (15) in the Sultana grape.
Crazing or random fractures occur on the cheek or equatorial regions of fruit in which the stresses are nearly symmetrical. Examples are, cheek russetting of apples and pears (8; J. A. Considine, unpublished data) and net formation in muskmelons (19) . This type of fracture also appears to be limited to fruit with a relatively firm and elastic flesh and in which the stress is not relieved by extension of the initial cuticular crack deep into the pericarp tissue.
Star cracking is particularly important in fruits of L. esculentum (12) and is the form of cracking predicted to occur at an unreinforced hole in the surface of a membrane. As such, it also commonly follows as a secondary failure after primary ring cracking (3) in which case there is a 3-fold increase in the nominal stress acting at a tangent to the hole (17) . A study of the anatomy in the region of insertion of the pedicel in fruit cultivars which are either resistant or susceptible to this form of failure could be instructive in assessing the mechanism of resistance to this form of cuticular failure.
Internal failure of the core is a widely recognized problem in fruits of Prunus spp. in which the core vascular tissues break off at either end of the inflexible endocarp. A recent study of stress distribution in growing apple fruit (14) has highlighted the need for a theoretical basis to enable interpretation of observational studies. Elastic strain on the cheek was observed to increase from zero, presumably at flowering, to an early state when longitudinal strain dominated, to a final state when transverse or hoop strains were dominant. The early dominance of longitudinal strains would be expected for a fruit undergoing transition from a spheroidal to a toroidal form, while the final state of the relative strains could be expected if the tore were formed by rotation of an oblate ellipse, rather than a circle as considered in the body of this paper or a prolate ellipse. Cox's Orange Pippin, the cultivar used in that study usually has this over-all, oblate elliptical form.
Biological Significance of Stress Distribution. A number of important implications for the process of morphogenesis also arise from this study. In particular, it emphasizes the physical consequences of genetic control of the plane of cell division during organogenesis (4, 13) . The cell divisions which determine organ form, usually occur at an early or even primondial stage of development while volume is attained by a secondary phase of random cell divisions within plate meristems and by cell expansion (5, 7) under the influence of internal hydrostatic pressure. This study has demonstrated that an increase in organ radius causes a concomitant increase in physical stress applied to the enclosing membrane and that this may be further multiplied because of the shape and structure of the organ. That is, the geometric changes which take place early in organogenesis may have little effect on stress distribution at the time at which they occur, but may give rise to intense stresses after further development.
Maintenance or development of a particular form requires that Plant Physiol. Vol. 68,1981 the stress distribution be matched, via some deformation moduli (such as are provided by Hooke's law) to the distribution of physical strain (deformation). The implication here is that the deformation moduli are inhomogenous (vary from point to point on the shell) and anisotropic (different in the longitudinal and hoop directions). The equations also have implications for the regulation of growth rate. Maintenance of a particular rate of growth, requires modulation of turgor pressure according to organ radius, otherwise the rate of growth will increase autocatalytically. Such a mechanism may be achieved during the early phases of organ development. Limitation of growth rate requires that the boundary membrane acquire a high tensile strength, or that turgor pressure be reduced. In organs in which secondary development of cell walls occurs, deposition of additional layers of cellulose and lignification act to restrict growth, but soft, fleshy fruit undergo no secondary development and the cell walls remain primary in nature and may even senesce during maturation (e.g. 5). Termination of growth in organs of this nature must be via regulation of the internal hydrostatic pressure. The mechanism by which this is achieved, despite the content of a 4 MPa osmotic solution as in the grape (1) deserves examination.
An aspect of fruit development highlighted by this study is the relative role of the cuticle and cell walls as structural elements. The cuticle is the outermost element and therefore the element to which the greatest stress is applied. It is an entire and uniform membrane and, unlike the cell wall, is not degraded during fruit maturation (5) . The relative physical properties of these two elements, cell wall and cuticle, also deserve investigation.
Useful insights into the physical processes applying during morphogenesis may be obtained by use of the equations. For example, estimation of strain (e) during intervals of growth requires integration of the directional stresses (18) : the predicted strain in the hoop direction can be calculated as follows, on the assumption of a Hookean material: eh = E (Oh -[l) (3.1) where E is Young's modulus and ,u is Poissons ratio. Strain in the hoop direction is reduced by stress applied longitudinally. For fruit skins typically ,um is about 0.3 (11) . Strain in the hoop direction thus becomes zero when the longitudinal stress is about 3 times greater than the hoop stress, and becomes negative at ratios of at to°h greater than 3 to 1. This condition probably exists at the poles of fruit with a core, and at the equator of fruit with an oblate spheroidal form. In the first instance, this would lead to a narrowing of the diameter of the invagination as the fruit develops and to an elongation of the cells in this region. This is a common feature of the cell pattern in the polar regions of fruit (3; J. A. Considine, unpublished data). In the second instance, one would expect fruit with an extreme oblate form to become crenulate or crenate in outline as they develop and this is a feature of cultivars of squashes and tomatoes which bear oblate fruits.
In conclusion, the analyses presented here provide a basis for assessment of the role of physical considerations and those determined genetically by controlled orientation of cell division (13) . In particular, they highlight the complex nature of the architectural problems which must be met if stress is to be minimized and if the fruit is to withstand the forces generated during growth. While these considerations may not greatly influence the reproductive efficiency of the plant they are of considerable economic importance to horticultural industries. The structural features determined as important here are readily assessable and could form the basis for an experimental approach to the manipulation of fruit architecture to minimize rainfall-induced cracking and splitting.
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